Uterine fibroids are clonally derived from a single cell; however, despite being monoclonal, the cellular phenotypes that make up uterine fibroids are heterogeneous consisting of predominantly smooth muscle cells (SMC) and fibroblasts. This raises the question as to when clonal cell differentiation occurs during fibroid development, and does this information provide clues about possible mechanisms regulating the growth process that leads to fibroids of symptom-causing size? This study investigated the differences in the cellular composition of fibroids by immunohistochemistry (IHC). A tissue microarray (n = 21 hysterectomy cases) was used for the investigation of large uterine fibroids and normal myometrium. An investigation of small fibroids (≤ 5mm) used a separate group of samples (n = 7 hysterectomy cases, total of n = 17 fibroids). A panel of cell phenotypic markers was selected based on our previous in situ investigations and included aldehyde dehydrogenase 1 (ALDH1A1) and vimentin for different fibroblast sub-populations, smooth muscle actin (SMA) as a marker for SMCs, CD31 for endothelial cells and CD45 for leucocytes. Proliferating cell nuclear antigen (PCNA) was also studied to identify proliferating cells. The cellular composition of small fibroids differs significantly from large fibroids. Small fibroids are more cellular (increased cells/mm 2 ) than large fibroids, have more blood vessels and also have a higher ratio of SMC to fibroblasts than large fibroids. Large fibroids have more cell proliferation (measured by PCNA) and fewer leucocytes (measured by CD45) than adjacent myometrium, whereas small fibroids are less proliferative and have similar number of leucocytes to myometrium. Different cellular composition between fibroids of different sizes may provide important clues as to the mechanisms that drive fibroid growth.
Introduction
Uterine fibroids (leiomyoma) are benign monoclonal tumours of the myometrium. Despite being monoclonal in origin, fibroid tumours contain cells of different phenotypes, predominantly smooth muscle cells (SMC) and fibroblasts (Holdsworth-Carson et al. 2014a,b) . However, it is not known when clonal cell differentiation occurs during fibroid development, or what mechanisms are responsible for controlling it. Uterine fibroids generate a significant healthcare and quality of life burden. An improved understanding of the cellular mechanisms that drive fibroid growth is a prerequisite for developing better medical therapies for the millions of women who suffer from the symptoms of fibroids.
The prevalence of uterine fibroids is high, found in 60-80% of women and symptomatic in 20-50% of women (reviewed by Owen & Armstrong 2015) . Common symptoms associated with uterine fibroids include pressure symptoms, pelvic pain, heavy vaginal bleeding and anaemia. In the USA, the direct and indirect healthcare costs associated with uterine fibroids are estimated to be between $5.9 and $34.4 billions annually, with significant portions of this cost attributed to surgical management, obstetric complications and lost work-hours (Cardozo et al. 2012) . Factors determining whether a woman will develop fibroidrelated symptoms are poorly understood. Larger fibroids (≥50 mm) are more likely to be associated with more severe symptoms and greater odds of having a hysterectomy (Weber et al. 1997 , Bachmann et al. 2011 , Baird et al. 2015 . Regression of fibroids following menopause or treatments that reduce ovarian hormone production demonstrates the dependency of fibroid growth on steroid hormones (Maruo et al. 2004 , Moravek et al. 2015 . Reducing the size of large symptom-causing fibroids by surgical, radiological and hormonal treatments provides symptomatic control. However, the frequency of recurrence is high, and it is currently estimated that 10% of women who undergo a myomectomy will go on to have a hysterectomy within 5-10 years (Singh & Belland 2015) .
The growth properties of uterine fibroids vary widely. Although fibroid size and location within the uterus are not predictive of growth rates, median fibroid growth rate is approximately 9% over 6 months (Peddada et al. 2008 ). Higher growth rates of small-(<20 mm diameter) and average-sized (20-50 mm) fibroids relative to large uterine fibroids (>50 mm) have been reported in pre-menopausal women (David et al. 2014) . Furthermore, large fibroid tumours (≥50 mm) are less likely to demonstrate short-term variability in growth rates compared with smaller fibroids (Baird et al. 2011) . Fibroids can spontaneously shrink in both cycling and post-menopausal women (Peddada et al. 2008) , and post-partum events are hypothesized to contribute to fibroid regression (Laughlin et al. 2010 ). Over a 6-month period, a study of >260 tumours observed spontaneous regression in 7% of fibroids (Peddada et al. 2008) . As a whole, the growth properties of fibroids are complex, and it remains to be determined how and why some uterine fibroids bypass negative growth control mechanisms while others remain quiescent or regress.
Recent work by us and others have established that the cellular phenotypes of uterine fibroids are heterogeneous (Koumas et al. 2001 , Moore et al. 2010 , Zhao & Rogers 2013 , Holdsworth-Carson et al. 2014a . Studying the different cellular populations present within fibroids confirms the phenotypic plasticity of these cells and the dynamic nature of commonly used cell markers. For example, smooth muscle cells (SMC) are abundant in fibroids and stain positive for smooth muscle actin (SMA); however, phenotypically SMA-positive SMC can be substantially different (including smooth muscle, vascular SMC and pericytes) (Uhlen et al. 2015) . Fibroblasts are another abundant cell type present in uterine fibroids. Phenotypically dissimilar fibroblast populations can be identified using different combinations of common cell markers (CD90, vimentin and aldehyde dehydrogenase 1 (ALDH1A1)) (Holdsworth-Carson et al. 2014b) . Populations of fibroid-derived somatic stem cells have also been identified in uterine fibroids (Ono et al. 2012) . Therefore, although fibroids are clonal and derived from a single cell, these clonal cells differentiate into multiple different cell subpopulations as the fibroid grows (Holdsworth-Carson et al. 2014b The aim of this study is to analyse the cellular heterogeneity of small and large uterine fibroids using a panel of common cell markers (HoldsworthCarson et al. 2014b) : aldehyde dehydrogenase 1 (ALDH1A1) and vimentin for different fibroblasts populations, smooth muscle actin (SMA) for the broad identification of SMC, CD31 for endothelial cells and CD45 for leucocytes. Proliferating cell nuclear antigen (PCNA) marker was studied for proliferating cells. We also addressed the effect of menstrual cycle stage, menopause status and fibroid pathology sub-type (typical non-degenerative fibroids, hyaline degeneration and cellular leiomyoma) on cellular composition. We hypothesized that the cellular composition of large uterine fibroids will be different to that of small fibroids, potentially reflecting more advanced cellular differentiation in the larger tumours. Understanding the different cellular composition between fibroids of different sizes may provide important clues as to the mechanisms that drive fibroid growth. Knowledge of cellular heterogeneity may also help to explain differences in the growth patterns and symptomology of individual uterine fibroids.
Materials and methods

Case selection, tissue collection and tissue microarray
Myometrium and fibroid tissues were collected from patients undergoing hysterectomy following informed consent (n = 28).
Figure 1 An example of a tissue array with biopsies (myometrium and fibroid) from 21 patients following hysterectomy for uterine fibroids. ALDH1A1 IHC staining is shown here as a representative (without counterstaining for better visualization). Scale bar is equal to 1 mm.
Ethics approval was obtained from Monash Medical Centre Human Research Ethics Committee and the Royal Women's Hospital Human Research Ethics Committee. Detailed clinical and menstrual histories were obtained at the time of consent with menstrual cycle stage and fibroid pathology determined by hospital pathology services. Patients were classified as preor post-menopausal and menstrual cycle stage as proliferative, secretory or inactive. We did not specifically exclude women on hormone therapy from this study (self-reported). Fibroid sub-types were categorized by pathology as those 'typical' in appearance with no degeneration, those with hyaline degeneration (with an evidence of necrosis) or those with cellular leiomyoma (where cellularity was greater than the surrounding myometrium and lacked necrosis). Myometrium was obtained at least 2 cm from adjacent fibroid tissue. If more than one large fibroid was identified per uteri, a fibroid sample was taken from the body of the largest fibroid. Myometrium and fibroid tissue were immediately fixed in formalin overnight and transferred into phosphate-buffered saline (PBS) before paraffin embedding for immunohistochemistry (IHC).
To examine myometrium and large fibroids, we generated a tissue microarray as a resource to rapidly analyse a large number of samples. The microarray consisted of n = 21 hysterectomy cases with representative cylindrical cores measuring 0.6 mm diameter, with two cores per patient (one from the centre of the fibroid and one from the myometrium) (Fig. 1) . These cylindrical cores were obtained from individual formalin-fixed paraffin-embedded tissue blocks. Each core was positioned into the centre of a recipient tissue microarray block for subsequent embedding. The microarray paraffin block was sectioned (3 µm) and H&E stained to ensure that the cores were representative of the original tissue paraffin block. The tissue microarray was used as a baseline for the investigation of large uterine fibroids. To investigate small 'seedling' fibroids, a separate cohort of women undergoing hysterectomy at the Royal Women's Hospital (Parkville, Victoria, Australia) were recruited (n = 7). In this study, we restricted our evaluation of seedlings to small fibroids ≤5 mm (Cramer et al. 2009) . Table 2 lists the details of women included in the analysis of small fibroids. Multiple small fibroids (≤5 mm) and adjacent normal myometrium were collected from these women. A single small fibroid (2.4 mm) was collected from Patient 6 (Table 2*) who underwent a hysterectomy for non-fibroid-related symptoms. Large fibroids were also obtained from each patient when available. A pathologist independently confirmed the presence of all small 'seedling' fibroids using H&E-stained paraffin sections.
Immunohistochemistry (IHC)
IHC was performed using a panel of cell markers that have been well characterized by our group (Casey et al. 2000 , Weston et al. 2005 , Zaitseva et al. 2007 , Holdsworth-Carson et al. 2014b : PCNA, CD45, CD31, broad SMC marker smooth muscle actin (SMA) and two markers of different fibroblast cell sub-populations vimentin and ALDH1A1. Table 3 summarizes the panel of antibodies and IHC conditions used. Primary antibody incubations occurred over -one to two nights at 4°C. 
Image analysis
Quantitative image analysis was performed as described previously (Holdsworth-Carson et al. 2015) . Briefly, the colour deconvolution tool in Fiji (Schindelin et al. 2012 ) was used on scanned image files to separate the haematoxylin (blue nuclei/cells) from the AEC (3-amino-9-ethylcarbazole) (brown/red)-stained areas. Positive and negative channels were used in the cell scoring module of MetaMorph (Meta Imaging Series 7.7; Molecular Devices, Sunnyvale, CA, USA) to count positive and negative cells (Fig. 2) . PCNA-, SMA-, vimentin-, ALDH1A1-and CD45-stained cells were expressed as the number of positive cells/mm 2 . CD31 is a marker of vessel walls, which are generally continuous and uninterrupted; thus, it was not possible to count the number of cells.
CD31 IHC was not counterstained; therefore, CD31 was expressed as a percentage of CD31 staining/mm 2 . Using counterstained images, the overall number of cells (per unit area mm 2 ) was assessed for myometrium relative to fibroid tissue (large and small). The ratio of SMA to fibroblast markers (vimentin and ALDH1A1) was calculated from the number of positive cells/mm 2 data.
Statistical analysis
Statistical analysis was performed using SAS 9. and Secret.) and post-menopausal (P-M) women (P = 0.1723). PCNA-stained tissue (F) myometrium proliferative phase, (G) fibroid proliferative phase and (H) fibroid secretory phase. PCNA scatter plot for (I) myometrium (red) vs fibroid tissue (blue) (P = 0.0219) and (J) pre-menopausal (proliferative (Prolif.) and secretory (Secret.)) and post-menopausal (P-M) women (P = 0.0003). For lower power images, the scale bar is equal to 1 mm, and for higher power images, the scale bar is equal to 100 µm. Groups that do not share a common letter are significantly different (P < 0.05). Data are log transformed. 2 ) were compared using one-way ANOVA followed by a post hoc analysis (Tukey's). Transformed data for SMA:fibroblast marker ratios were normalized to the mean ratio of myometrium before data were compared by ANOVA (Kruskal-Wallis test). All data were considered significant at a P value less than 0.05. Table 1 lists the details of patients included in the analysis of large fibroids. The mean diameter of large fibroids was 48.2 ± 6.2 mm (range 8 -120 mm). Premenopausal women had a mean age of 45.8 ± 1.1 years and post-menopausal women 65.3 ± 0.8 years. The tissue microarray included fibroids histopathologically diagnosed as typical non-degenerative fibroids (9/21 or 42.9%), fibroids with hyaline degeneration present (9/21 or 42.9%) and 14.3% (3/21) of fibroids were diagnosed as phenotypically cellular (Fig. 3) .
Results
Analysis of large fibroids
Following quantitative image analysis, several comparisons were made for all IHC cell markers. Table 4 lists all of the P values and mean ± s.e.m. for the parameters tested: fibroid vs myometrium, post-menopausal vs pre-menopausal (proliferative or secretory) status and fibroid pathology. When comparing tissue type (fibroid vs myometrium), 4/5 cell phenotype markers were significantly different (vimentin, ALDH1A1, CD45 and CD31) ( Table 4) . ALDH1A1 was considerably decreased in large fibroids compared with myometrium (P = <0.0001) (Fig. 4A-D and Table 4 ). Immunoreactive vimentin, CD45 and CD31 were also significantly reduced in large fibroids relative to myometrium (P = 0.0102, P = 0.0051 and P = 0.0024 respectively), whereas SMA was unchanged (Table 4) . Cell proliferation marker PCNA was increased in large fibroids compared with myometrium (P = 0.0219) (Fig. 4F-J and Table 4 ).
Menopause and cycle stage status was significantly different for SMA phenotype (P = 0.0204) ( Table 4 ). In contrast, levels of vimentin, ALDH1A1, CD45 and CD31 were not significantly affected by menopause status or cycle stage. We observed that ALDH1A1 in myometrial tissues from post-menopausal women was increased (Fig. 4B, C and E) . Using the mixed-effect model of Figure 5 Scatter plots for number of cells per mm 2 for (A) myometrium (red) and fibroid (blue) tissue, (B) pre-menopausal proliferative (prolif.) and secretory (secret.) and post-menopausal (P-M) myometrium and fibroid tissue and (C) different fibroid pathologies (no degeneration (No degen.), hyaline degeneration (Hyalin.) and cellular leiomyoma). Red dots, myometrium; blue dots, fibroid. Data were compared by A) paired t-test and B-C) two-way ANOVA followed by Tukey's post hoc tests. Groups that do not share a common letter are significantly different (P < 0.05). statistical analyses, the effect of menopause status and cycle stage was not statistically different for ALDH1A1 (P = 0.1723) (Table 4) . However, when analysis was limited to tissue type and menopause status (proliferative, secretory and post-menopausal) only, ALDH1A1 increased significantly in myometrium from postmenopausal women compared with fibroid (proliferative, secretory and post-menopausal) (P = <0.0001; nonparametric ANOVA with Kruskal-Wallis).
Cell proliferation (PCNA) was also significantly different for cycle stage and menopause status (P = 0.0003). Fibroids from pre-menopausal women, during the proliferative phase, were increased for PCNA positivity relative to myometrium (secretory and post-menopausal) and fibroid (post-menopausal) ( Fig. 4F-H and J) . Three fibroid pathologies were represented on the tissue microarray: 'typical' no degeneration, hyaline degeneration and cellular leiomyoma (Fig. 3) . SMA, vimentin, ALDH1A1, CD45 and CD31 were not significantly changed by the type of fibroid pathology (Table 4) . Only PCNA staining was significantly altered by fibroid pathology, specifically elevated in cases with cellular leiomyoma present (P = 0.0344) ( Table 4) .
Counterstained nuclei were used to perform an overall analysis of cell density per unit area. Overall, fibroids demonstrated reduced cell density compared with myometrium (P = 0.0144) (Fig. 5A and Table 5 ). The effect of cycle stage and post-menopausal status on cell density was highly significant (P = 0.0003) (Fig. 5B and Table 5 ). Specifically, post-menopausal myometrium had significantly elevated cell density ( Fig. 5B and Table 5 ). In contrast, fibroid pathology did not significantly have an impact on the number of cells/mm 2 (P = 0.2969) ( Fig. 5C and Table 5 ).
Analysis of small fibroids
A second group of women were recruited for evaluation of small 'seedling' fibroids (measuring ≤5 mm) ( Table 2) . Four out of seven women had histopathologically inactive endometrium. Patients 4 to 7 (Table 2) were documented as pre-menopausal and free from hormones (self-reported), as they were entering peri-menopause (age range 34-52 years) and/or were uninformed about the type of medication (i.e. synthetic hormone therapy) they were currently taking. Most of the women (6/7) had multiple fibroids, with an overall size range of approximately 1-200 mm. Figure 6A illustrates the presence of two individual seedling fibroids existing within close proximity to each other. The average diameter of a seedling fibroid was 3.3 ± 0.3 mm. When available, large fibroids were also collected from this cohort of women (Table 2) . Fibroid pathology was heterogeneous in this group, and fibroids were mostly 'typical' and non-degenerative; however, Patients 3 and 4 also had fibroids of a degenerative sub-type.
Using quantitative image analysis following IHC, cell proliferation marker PCNA significantly reduced in seedling fibroids relative to normal myometrium (seedling 4.14 ± 0.14 and myometrium 5.10 ± 0.09 cells/ mm 2 (log transformed), P = <0.001) (Fig. 6B-C) . In contrast, no significant difference was detected for PCNA in large fibroids compared with myometrium or small fibroids (P = 0.099).
Phenotypic markers for fibroblasts, vimentin and ALDH1A1 were also significantly reduced in seedling fibroids compared with matched myometrium (vimentin: seedling 7.01 ± 0.25 and myometrium 7.85 ± 0.04 cells/mm 2 (log transformed), P = 0.050; ALDH1A1: seedling 2.26 ± 0.35 and myometrium 4.87 ± 0.67 cells/mm 2 (log transformed), P = 0.001) ( Fig. 6B and E-F) . No significant changes were detected for vimentin or ALDH1A1 in large fibroids compared with myometrium or small fibroids (P = 0.135 and P = 0.093 respectively) (Fig. 6B) ; however, there was only n = 4 large fibroids for analysis in this cohort.
CD31 expression was significantly higher in seedling fibroids and myometrium compared with large fibroids (myometrium 1.45 ± 0.09, seedling 1.38 ± 0.19 and large fibroid 0.36 ± 0.20 percentage of cells/mm 2 (log transformed), P = 0.022 and 0.019) (Fig. 6B and G) . Using counterstained nuclei to count total cells (per mm 2 ), we found that seedling fibroids had significantly increased cell density compared with large fibroids (seedling 6122.94 ± 363.00 and large fibroid 4209.50 ± 588.94 cells/mm 2 , P = 0.037) ( Fig. 6B and  H) . SMA and CD45 did not demonstrate any significant differences between myometrium, seedling fibroids or large fibroids (Fig. 6B) .
To determine whether small and large fibroids differed in the proportion of cells that were positive for SMC and fibroblast markers, we analysed the ratio of Figure 7 The ratio of SMC to fibroblast cells was calculated using SMA and vimentin or ALDH1A1 fibroblast markers. Box plots for (A) SMA:vimentin ratio and (B) SMA:ALDH1A1 ratio where purple colour represents small seeding fibroids and blue colour represents large uterine fibroids. Data were compared by unpaired t-tests. Groups that do not share a common letter are significantly different (P < 0.05).
SMA to fibroblast markers vimentin and ALDH1A1. Two fibroblast cell markers were used due to the presence of more than one type of fibroblast population in fibroids. Ratio calculations allowed us to combine the data from the tissue microarray (myometrium and large fibroids) with the cohort of patients with small fibroid (myometrium n = 28, seedling fibroid n = 17 and large fibroid n = 25). Seedling fibroids had a significantly elevated SMA:vimentin ratio (myometrium 1.00 ± 0.02, seedling 1.31 ± 0.07 and large fibroid 1.11 ± 0.03 (log transformed), P = <0.0001) (Fig. 7A) and an increased SMA:ALDH1A1 ratio (myometrium 1.00 ± 0.10, seedling 3.26 ± 0.52 and large fibroid 1.59 ± 0.14 (log transformed), P = <0.0001) (Fig. 7B) compared with large fibroids and myometrium. There was no significant difference in SMC:fibroblast ratio when comparing myometrium with large fibroids (Fig. 7) .
Discussion
The cellular composition of uterine fibroids consists of predominantly clonal SMCs and fibroblasts (Holdsworth-Carson et al. 2014b) . In this study, we have shown for the first time that the cellular composition of small fibroids (≤5 mm diameter) differs significantly from that of large fibroids. When compared with each other, small fibroids are more cellular than large fibroids and have more blood vessels. Small fibroids also have a higher ratio of SMC to fibroblasts than large fibroids. Large fibroids have more cell proliferation (as measured by PCNA) and fewer leucocytes (as measured by CD45) than adjacent myometrium, whereas small fibroids are less proliferative and have similar number of leucocytes than adjacent myometrium. Our findings provide further insight into the cellular heterogeneity of benign uterine fibroids and support the concept that cellular differentiation of clonal cells that make up the fibroid continues over time as fibroid size increases.
Increased cellularity of seedling fibroids relative to large fibroids is most likely due to the increased abundance of ECM in larger fibroids (and thus reduced cell density). Flake and coworkers have previously demonstrated that as the collagen matrix increased in large fibroids, microvessel density decreased, which resulted in persistent separation of fibroid cells from their blood supply, giving rise to interstitial ischaemia (Flake et al. 2013) . Our data show that CD31 staining, and presumably blood vessel density, is not reduced in seedling fibroids, which in turn suggests that ischaemia may not be as common within seedling fibroids compared with large fibroids.
The different cellular characteristics of small fibroids compared with large ones raise questions about possible mechanisms that might be at play during clonal expansion of a single myometrial cell to form a large fibroid. Resident myometrial SMCs normally move through a programmed pattern of different phenotypes during gestation and then return to quiescence postpartum (Shynlova et al. 2009 ). Early pregnancy is associated with a rapid period of endocrine-controlled myometrial SMC proliferation (Shynlova et al. 2006) . At mid-gestation, myometrial SMC proliferation subsides and the cells become more hypertrophic, associated with an increase in ECM synthesis (Shynlova et al. 2009 ). It is possible that the increased SMC:fibroblast ratio of seedling fibroids in some way reflects the early pregnancy myometrial proliferative phase. A subsequent switch to a more synthetic state could result in cells generating aberrant ECM networks, with further pathophysiological stimulation of cell proliferation leading to fibroid growth. Leppert and coworkers similarly believe that fibroid cells undergo progressive phenotypic shifts leading to altered growth in response to disordered extracellular signals and speculate that persisting myofibroblasts, which fail to undergo apoptosis, may be responsible (Leppert et al. 2006) . This remains to be confirmed, as myofibroblasts do not appear to be a major cell population of fibroids compared with SMC or fibroblasts (HoldsworthCarson et al. 2014b) . Targeting of SMC plasticity and phenotypic adaptation could be a novel approach for the treatment of fibroids.
One possible explanation for the increased SMC:fibroblast ratio in seedling fibroids is that fewer SMC have differentiated into fibroblasts than in larger fibroids or myometrium. Whether such a transformation is regulated by a discrete trigger for cellular differentiation is an important question for understanding the mechanisms that drive fibroid growth. SMC can acquire fibroblast-like features that are associated with pathological conditions (Hayashi et al. 1998) . For example, prostatic SMC undergo progressive morphological changes during tumour development and also take on fibroblast-like characteristics (Foster 2000 , Taboga et al. 2008 . SMCs can also undertake clonal expansion and differentiate into macrophagelike cells during atherosclerotic lesion formation (Feil et al. 2014) . It has recently been hypothesized that the pathological environment regulates SMC transcription and gene expression mechanisms, ultimately leading to the changes in SMC phenotype (Scirocco et al. 2016) . One possible scenario may include selective pressures in the fibroid's microenvironment, which trigger some sub-clones to survive and expand to form large fibroids, whereas other sub-clones remain dormant (reviewed by Greaves & Maley 2012) . Alternatively, given sufficient time to allow for growth, cells may transition stochastically between phenotypic states eventually evolving towards an equilibrium of heterogeneous cells (Gupta et al. 2011) . The SMC:fibroblast ratio of large fibroids and myometrium was similar, although whether due to similar mechanistic processes or not is unknown at this stage.
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Several plausible mechanistic pathways exist; for example, SMC proliferative events of early pregnancy are associated with the altered expression of insulin-like growth factor (IGF) family proteins under the control of the PI3K-Akt-mTOR signalling pathway (reviewed by Shynlova et al. 2009 ). The PI3K-Akt-mTOR pathway is active in proliferating cultures of uterine SMCs (Varghese et al. 2013) . In disease progression, vascular SMCs change their phenotype from a differentiated to a de-differentiated state and lose the expression of SMC-specific markers (including SMA) and take on a fibroblast-like appearance (Hayashi et al. 1998 (Hayashi et al. , 1999 . The PI3K-Akt signalling pathway is required for maintenance of vascular SMC-differentiated phenotype, whereas activation of an alternative pathway, ERK and p38MAPK, leads to SMC de-differentiation (Hayashi et al. 1999) . Another potential mechanistic path involves mechanical signals that may be generated by the growing fibroid. Mechanical signals influence gene expression, cell morphology, cytoskeletal reorganization and cell differentiation (Zheng et al. 2014) . Adherent cells sense mechanical tension and multiple intracellular signalling pathways are triggered leading to an autocrine loop; fibroblasts are stimulated to produce collagen, and TGF-β is induced by the tension and in turn activates collagen synthesis (Zheng et al. 2014) . TGF-β signalling plays pivotal roles in SMC differentiation during development as well as phenotypic switching in disease states and can activate several signalling pathways (including MAPK and PI3K) (reviewed by Guo & Chen 2012) . TGF-β levels have been hypothesized to play a role in governing the ratio of SMC to fibroblasts in prostatic stroma (Peehl & Sellers 1997) .
Steroid hormones play a significant role in uterine fibroid growth, senescence and regression. We do not have longitudinal data on the fibroids included in this study; therefore, we have no way of knowing whether the small fibroids examined are developmentally small or have undergone regression. Oestrogen enhances the expression of many genes believed to play a role in fibroid growth (growth factors, collagens and oestrogen/progesterone receptors) (reviewed by Moravek et al. 2015) . PCNA staining was higher in large fibroids compared with myometrium; this increase was associated with the proliferative phase of the menstrual cycle. A PCNA cycle stage effect has been observed earlier (Kayisli et al. 2007) . We also demonstrated an increase in SMA in association with proliferative phase fibroids. Addition of E 2 to cultured uterine fibroid cells increases PCNA protein expression (Shimomura et al. 1998) . To support a role for oestrogen, our results showed that fibroid PCNA levels drop significantly post-menopause. Menopause also had a great impact on fibroid cell density, where myometrium from post-menopausal women demonstrated increased cellularity. This may be due to loss of ECM once oestrogen stimulation ceases. We have previously shown that myometrial microvascular density also increases following menopause (Weston et al. 2005) . It has been shown that drug-induced (GNRH agonist) menopause can increase myometrial cellularity (Weeks et al. 1999) . Collectively, these data confirm the important relationship between steroid hormones and fibroid pathophysiology.
Myometrium from post-menopausal women exhibited increased ALDH1A1 expression. ALDH1A1 belongs to the retinoic acid (RA) pathway, which is known to be altered in fibroids (Catherino & Malik 2007 , Zaitseva et al. 2007 , Holdsworth-Carson et al. 2014a . Some RA pathway components are responsive to oestrogen, including cellular retinoic acid-binding protein 2 (CRABP2) (Li & Ong 2003) , retinoid X receptor alpha (RXRα) and peroxisome proliferator-activated receptor gamma (PPARγ) (Tsibris et al. 1999) . Our results suggest that in a low-oestrogen environment (post-menopause), the myometrium up-regulates ALDH1A1 expression. This is supported by the observation that E 2 administration to ovariectomized rats reduced uterine ALDH1a1 expression (Li et al. 2004) . Oestrogen functions via oestrogen receptors (ERα or ERβ), and there is a positive correlation between shrinkage rate of symptomatic fibroids after menopause and ER expression (Kasai et al. 2012) . It is interesting that ALDH1A1-positive mammary stem cells are negative for ER expression (Honeth et al. 2014) . Conversely, in large fibroids, where oestrogen and ER levels are higher relative to myometrium (Sumitani et al. 2000 , Li & McLachlan 2001 , ALDH1A1 is down-regulated, and consequently, RA levels may also be reduced. A reduction in RA could lead to lower activation of RXR and RARs, thereby inhibiting processes such as apoptosis and promoting cellular proliferation mechanisms (Catherino & Malik 2007 , Zaitseva et al. 2007 ). There are no data yet for ALDH1A1, PCNA or SMA expression in small fibroids at different stages of menstrual cycle to determine whether they respond similarly to steroid hormones as do large fibroids. A larger subset of women, pre and post-menopause, is necessary to evaluate oestrogen effects on small seedling fibroids.
There were a number of significant differences in cell markers between large fibroids and normal matched myometrium. Thus, irrespective of cycle stage or fibroid pathology, PCNA, vimentin, ALDH1A1, CD45 and CD31 were all significantly different in large fibroids compared with myometrium. Some of these observations have been reported previously; for example, PCNA (Shimomura et al. 1998 , Maruo et al. 2000 , Reproduction (2016 152 467-480 www.reproduction-online.org Dixon et al. 2002 , Kayisli et al. 2007 ), ALDH1A1 (Zaitseva et al. 2007 , Holdsworth-Carson et al. 2014b , CD45 (Chang et al. 2010 ) and CD31 (Casey et al. 2000) . Following analysis of three common fibroid pathologies, 'typical' with no degeneration, hyaline degeneration and cellular leiomyoma, it was apparent that the type of fibroid does not have a great impact on cellular phenotypes. Although these findings are useful for distinguishing cellular characteristics between large uterine fibroids and normal myometrium, our more novel findings with respect to large fibroids come from our work examining their difference relative to small seedling fibroids.
In conclusion, we have shown that the cellular composition of small fibroids (≤5 mm diameter) differs significantly from that of larger fibroids. Small fibroids are more cellular than large fibroids, have more blood vessels and also have a higher ratio of SMC to fibroblasts than large fibroids. Large fibroids have more cell proliferation (as measured by PCNA) and fewer leucocytes (as measured by CD45) than adjacent myometrium, whereas small fibroids are less proliferative and have similar number of leucocytes than adjacent myometrium. Future research studies need to be performed in larger cohorts of women to (1) determine at what point during a small fibroids lifespan the 'switch' occurs, which triggers cell differentiation and fibroid proliferation and (2) to determine what mechanism(s) are responsible for controlling this system in small fibroids. The different cellular compositions we have identified between fibroids of different sizes may provide important clues as to the mechanisms that drive fibroid growth. Cellular heterogeneity may also help to explain differences in the growth patterns and symptomology of individual uterine fibroids. 
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